Introduction {#S1}
============

White adipose tissue (WAT) has been recognized as a major endocrine organ that is highly dynamic and metabolically active^[@R1]--[@R3]^. Adipocytes from anatomically distinct adipose tissues have unique functions and contribute differentially to whole body insulin resistance, dyslipidemia, chronic inflammation, and numerous other metabolic disorders^[@R4]--[@R7]^. There are two phases of adipogenesis: commitment of multipotent stem cells to the pre-adipocyte lineage and terminal differentiation of pre-adipocytes to mature adipocytes^[@R8]^. Furthermore, mechanisms must be in place to maintain the function and terminally differentiated state of the adipocyte. The transcriptional cascade driving adipogenesis has been extensively studied in cellular models of adipogenesis, such as the murine 3T3-L1 cell line, primary stromal-vascular derived cells or mouse embryonic fibroblasts (MEFs)^[@R8]--[@R10]^. Elegant work in 3T3-L1 cells has defined key transcription factors that are essential for the commitment of pre-adipocytes to undergo maturation *in vitro*^[@R11],\ [@R12]^. At the center of this transcriptional network is the nuclear hormone receptor PPARγ, which serves as the "master regulator" of adipogenesis, as well as C/EBPα, the founding member of the CCAAT/enhancer-binding family. Numerous additional transcriptional regulators have been implicated in adipogenesis; however, the duo of PPARγ and C/EBPα has been widely viewed as "core" regulators of all forms of adipogenesis. Moreover, genome-wide analyses of promoter architecture has revealed that PPARγ and C/EBPα co-occupy and regulate a large portion of the global adipocyte transcriptome *in vitro*, suggesting that these two factors coordinate the maintenance of the adipocyte morphology and function^[@R13],\ [@R14]^.

Adipogenesis *in vivo* is governed by a more complex set of events than in a tissue culture setting^[@R15]--[@R18]^, when and where these specific factors drive the development and expansion of fat pads *in vivo* cannot be determined in the *in vitro* system^[@R19]^. To better understand the dynamics of adipogenesis in different locations and under different physiological conditions, we developed a doxycycline-inducible adipocyte-specific knockout system that is active during late adipocyte maturation and/or in mature adipocytes. This system enables us to explore the role of specific components of the adipogenic transcriptional machinery in different locations and under different conditions of late stage adipogenesis *in vivo*, as well as their role in terminally differentiated adipocytes. In this study, we focused predominantly on the transcription factor C/EBPα as a tool to address the question how the loss of C/EBPα function during adipocyte maturation affects adipocyte maturation and maintenance in different fat depots in response to developmental and nutritional conditions. Our results show that the transcriptional signals needed during adipocyte maturation are highly diverse within the same depot at different times of lifespan and under different conditions of adipogenesis.

Results {#S2}
=======

Adipocyte specific inducible knockout of C/EBPα {#S3}
-----------------------------------------------

To achieve an inducible knockout of C/EBPα in adipocytes, we crossed three mouse lines: an adiponectin promoter-driven "tet-on" transcription factor rtTA (Adn-rtTA) line we recently generated^[@R20],\ [@R21]^, a tet-responsive CRE (TRE-Cre) line^[@R22]^, and the conditional C/EBPα^flox/flox^ line^[@R23]^. In the absence of doxycycline, C/EBPα is expressed normally in all cells (Adn-C/EBPα^flox/flox^). Upon treatment with doxycycline, rtTA activates the TRE promoter to induce Cre expression. Cre protein will subsequently eliminate the floxed region in the C/EBPα locus and permanently inactivate C/EBPα in adiponectin promoter active cells (Adn-C/EBPα^−/−^) ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Starting at 10 weeks of age, upon full development of all white adipose tissues (WAT), Adn-C/EBPα^flox/flox^ mice were put on doxycycline-containing chow diet. One week of doxycycline treatment dramatically reduced *C/EBPα* mRNA expression levels in subcutaneous adipose tissue (sWAT), epididymal adipose tissue (eWAT), and brown adipose tissue (BAT) of Adn-C/EBPα^−/−^ mice, compared to their control littermates (mice carrying only TRE-Cre and C/EBPα^flox/flox^ or only Adn-rtTA and C/EBPα^flox/flox^) ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}), while *C/EBPα* expression in other tissues was not altered ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). We then separated adipocytes from the stromal vascular fraction (SVF) and a significant drop of *C/EBPα* mRNA levels was observed in the floated adipocytes from sWAT and eWAT, while comparable *C/EBPα* expression levels were seen in the SVFs ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}), indicating that the C/EBPα knockout is adipocyte specific. The mRNA levels of *C/EBPβ*^[@R24],\ [@R25]^, in contrast, were not altered after C/EBPα elimination ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}), indicating that the decrease of C/EBPα in adipocytes has no impact on *C/EBPβ* expression. Protein levels of C/EBPα were also reduced dramatically in the sWAT and eWAT after 4 days of doxycycline chow diet treatment, while C/EBPα in the liver was not altered ([Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}). We next isolated and differentiated SVF from sWAT of Adn-C/EBPα^flox/flox^ mice. *C/EBPα* expression was dramatically up-regulated on day one of differentiation and reached its peak by day 2; *PPARγ* expression was greatly up-regulated on day two and reached its peak by day 3 ([Supplementary Fig. 1e](#SD1){ref-type="supplementary-material"}). *Adiponectin* and *rtTA* mRNA levels are increased only by the 3rd day of differentiation and reached their peak on day 4, when the cells are starting to exhibit a true adipocyte morphology, with visible lipid accumulation revealed by Oil Red O staining ([Supplementary Fig. 1f](#SD1){ref-type="supplementary-material"}). Thus, adiponectin and rtTA are only activated in the later stages of differentiation, during adipocyte maturation, after C/EBPα and PPARγ start to be induced. To determine whether C/EBPα deficiency alters the binding capacity of C/EBPβ and PPARγ on their target sequences, we performed chromatin immunoprecipitation (CHIP) assays with anti-C/EBPα, C/EBPβ or PPARγ antibodies in differentiated adipocytes obtained upon *in vitro* differentiation of SVF cells from control or Adn-C/EBPα^−/−^ sWAT ([Supplementary Fig. 1g](#SD1){ref-type="supplementary-material"}). ChIP-qPCR analysis showed that the occupancy of C/EBPα was reduced dramatically on the CD36 and C/EBPβ promoters. Binding of C/EBPβ or PPARγ on CD36 and C/EBPβ promoters were unaltered, indicating that the deletion of C/EBPα does not alter the binding capacity of C/EBPβ or PPARγ ([Supplementary Fig. 1g](#SD1){ref-type="supplementary-material"}). These results enable us to inducibly eliminate genes during the maturation of adipocytes, not only independent of the formation of adipocyte progenitors, but also independent of the early activation of C/EBPα and PPARγ.

Embryonic adipogenesis depends on PPARγ, but not C/EBPα {#S4}
-------------------------------------------------------

C/EBPα is essential for adipogenesis *in vitro*^[@R26],\ [@R27]^, but the cell-autonomous role of C/EBPα in adipogenesis *in vivo* has not yet been clearly demonstrated^[@R28]--[@R30]^. We first addressed whether C/EBPα is required during the initial wave of adipogenesis during the perinatal period. Our previous AdipoChaser system showed that the development of eWAT in males and parametrial WAT (pWAT) in females is postnatal^[@R31]^. In contrast, sWAT differentiation is initiated during embryonic days (E) 14--18, and the number of adipocytes in sWAT remains quite stable postnatally^[@R31]^. In order to knockout C/EBPα in late embryonic development of sWAT, control female mice were mated with male Adn-C/EBPα^flox/flox^ mice. Pregnant female mice were put on doxycycline chow diet from E11 to postnatal day (P) 16 (Adn-C/EBPα^−/−^) ([Fig. 1a](#F1){ref-type="fig"}). As previously shown, Cre expression is completely lost after overnight doxycycline withdrawal^[@R31]^; any adipocyte developed *after* P16 expresses C/EBPα, while adipocytes developed *before* P16 do not express C/EBPα. C/EBPα protein levels were almost completely gone in the sWAT of Adn-C/EBPα^−/−(E11-P16)^ mice, while normal expression is observed in eWAT and liver ([Fig. 1b](#F1){ref-type="fig"}). Immunofluorescence staining further confirmed that C/EBPα is expressed in the adipocyte nucleus in eWAT ([Supplementary Fig. 2a](#SD3){ref-type="supplementary-material"}), but not sWAT of Adn-C/EBPα^−/−(E11-P16)^ mice ([Supplementary Fig. 2b](#SD3){ref-type="supplementary-material"}). Remarkably, both sWAT and eWAT/pWAT tissue mass and average adipocyte size in the adult Adn-C/EBPα^−/−(E11-P16)^ mice were comparable to their control littermates ([Fig. 1c, d](#F1){ref-type="fig"} and [Supplementary Fig. 2c](#SD3){ref-type="supplementary-material"}). The average adipocyte numbers per image are: sWAT control group, 358; sWAT Adn-C/EBPα^−/−(E11-P16)^ group, 445; eWAT control group, 362; eWAT Adn-C/EBPα^−/−(E11-P16)^ group 324. *n* = 2 image per group. The total number of adipocytes in Adn-C/EBPα^−/−(E11-P16)^ mice is 101% (sWAT) and 121% (eWAT) of their control littermates. C/EBPα-deficient sWATs also had normal adipocyte morphology by hematoxylin and eosin (H&E) staining ([Fig. 1e](#F1){ref-type="fig"} and [Supplementary Fig. 2d](#SD3){ref-type="supplementary-material"}). Essentially all adipocytes in sWAT, eWAT and pWAT from Adn-C/EBPα^−/−(E11-P16)^ mice represent live adipocytes with positve perilipin staining ([Fig. 1f](#F1){ref-type="fig"} and [Supplementary Fig. 2e](#SD3){ref-type="supplementary-material"}). BAT from these Adn-C/EBPα^−/−(E11-P16)^ mice also had much reduced C/EBPα protein levels ([Supplementary Fig. 2f](#SD3){ref-type="supplementary-material"}), but slightly enlarged adipocyte cell size ([Supplementary Fig. 2g, h](#SD3){ref-type="supplementary-material"}). When mice were put on doxycycline chow diet from P0 to P42, during the critical period of eWAT development ([Supplementary Fig. 3a--d](#SD4){ref-type="supplementary-material"}), or from E11 to P42, during both sWAT and eWAT development ([Supplementary Fig. 3e--g](#SD4){ref-type="supplementary-material"}), Adn-C/EBPα^−/−^ mice also had normal sWAT and eWAT tissue mass. This leads us to conclude that C/EBPα is *not* required for the maturation of sWAT during embryogenesis or eWAT during early postnatal development.

PPARγ is necessary and sufficient to induce adipocyte differentiation *in vitro*^[@R9]^. We also generated an adipocyte-specific inducible PPARγ knockout model (Adn-PPARγ^flox/flox^) by crossing Adn-rtTA mice with TRE-Cre mice and PPARγ^flox/flox^ mice^[@R32]^. The adult Adn-PPARγ^−/−(E11-P16)^ male offspring ([Fig. 1a](#F1){ref-type="fig"}) had small amounts of sWAT ([Fig. 1g](#F1){ref-type="fig"}). These very small sWAT pads of Adn-PPARγ^−/−(E11-P16)^ mice have disrupted adipocyte morphology ([Fig. 1h](#F1){ref-type="fig"}), with widespread negative perilipin staining ([Fig. 1i](#F1){ref-type="fig"}). The lack of sWAT enhanced eWAT generation, resulting in increased eWAT mass (by 36%) and increased adipocyte size ([Fig. 1g](#F1){ref-type="fig"}), with normal viability and morphology ([Fig. 1h, i](#F1){ref-type="fig"}). These observations indicate that, in contrast to C/EBPα, deleting PPARγ in the same critical late developmental stages of sWAT totally blocked the formation of sWAT, leading to a compensatory overgrowth of eWAT.

Adipocyte morphology is not maintained by C/EBPα {#S5}
------------------------------------------------

To determine if adipocytes without C/EBPα are viable *in vitro*, we added doxycycline to fully differentiated adipocyte cultures derived from SVF of sWAT from Adn-C/EBPα^flox/flox^ or control littermates. C/EBPα expression in Adn-C/EBPα^−/−^ adipocytes was effectively eliminated after 3 days of doxycycline treatment ([Fig. 2a](#F2){ref-type="fig"}). These C/EBPα-deficient adipocyte cultures had a similar density of Oil Red O staining compared to control cultures ([Fig. 2b](#F2){ref-type="fig"}), with positive perilipin ([Fig. 2c](#F2){ref-type="fig"}) and lipid staining ([Fig. 2d](#F2){ref-type="fig"}), *on par* with control adipocytes.

*In vivo* studies showed that upon putting the Adn-C/EBPα^flox/flox^ mice on a doxycycline chow diet ([Fig. 3a](#F3){ref-type="fig"}), insulin-stimulated phosphorylation of Akt and Erk1/2 was significantly impaired in the sWAT and eWAT ([Fig. 3b](#F3){ref-type="fig"}), but not in the liver ([Fig. 3b](#F3){ref-type="fig"}). These results indicate that C/EBPα in white adipocytes cell-autonomously regulates insulin signaling. Consistent with the *in vitro* observations ([Fig. 2c, d](#F2){ref-type="fig"}), adipocytes in these Adn-C/EBPα^−/−^ mice have relatively normal morphology and adipocyte size distribution ([Fig. 3c](#F3){ref-type="fig"}), indicating these WAT have a comparable number of adipocytes. The average adipocyte numbers per image are sWAT control group, 167; sWAT Adn-C/EBPα^−/−^ group, 209; eWAT control group, 72; eWAT Adn-C/EBPα^−/−^ group 67. *n* = 2 image per group. Notably, the plasma adiponectin is very sensitive to C/EBPα levels in mature adipocytes. Deletion of C/EBPα led to a rapid decrease of adiponectin in circulation which dropped to 14% of their control littermates after 8 days ([Fig. 3d](#F3){ref-type="fig"}). Interestingly, circulating adiponectin is reduced by 34% in the male Adn-C/EBPα^−/−(E11-P16)^ mice ([Fig. 3e](#F3){ref-type="fig"}), suggesting that sWAT contributes about one third of the adiponectin in systemic circulation. In Adn-PPARγ^−/−(E11-P16)^ mice, circulating adiponectin is only reduced by 24% ([Fig. 3f](#F3){ref-type="fig"}), reflecting the fact that the increased eWAT tissue mass compensates by secreting more adiponectin into circulation ([Fig. 1g](#F1){ref-type="fig"}).

C/EBPα transcriptional targets are distinct from PPARγ targets {#S6}
--------------------------------------------------------------

Our data emphasize that C/EBPα deficiency in mature adipocytes has distinct phenotypic consequences compared to PPARγ deficiency^[@R33]--[@R35]^. We took a systematic, un-biased approach to determine the direct (acute) transcriptional programs that are specifically dependent on C/EBPα or PPARγ in mature white adipocytes, after doxycycline chow diet feeding for 3 days ([Fig. 3g, h](#F3){ref-type="fig"} and [Supplementary Fig. 4](#SD5){ref-type="supplementary-material"}). Only 26 genes were significantly changed in C/EBPα deficient fat cells, compared to 298 genes altered when PPARγ is deleted. Surprisingly, only 10 genes were in common between these two target groups ([Fig. 3h](#F3){ref-type="fig"} and [Supplementary Fig. 4b](#SD5){ref-type="supplementary-material"}). These data indicate that although C/EBPα and PPARγ cross-regulate each other and co-occupy a large common cistrome in the mature adipocyte^[@R13],\ [@R14]^, the distinct global programs directly dependent on each factor *in vivo* are quite distinct.

Adipocyte C/EBPα is essential for glucose/lipid metabolism during HFD feeding {#S7}
-----------------------------------------------------------------------------

There is much that remains to be learned concerning the role of C/EBPα in maintaining the adipocyte phenotype. The phenotypes described previously are too complicated due to profound effects of deleting C/EBPα in adipocyte progenitors and other cell types^[@R28],\ [@R30],\ [@R36]^. When adult mice were challenged with a doxycycline high fat diet (HFD) ([Fig. 4a](#F4){ref-type="fig"}), Adn-C/EBPα^−/−^ mice still gained body weight, but at a lower rate ([Fig. 4b](#F4){ref-type="fig"}). *In vivo* CT scans and NMR body composition analysis revealed that Adn-C/EBPα^−/−^ mice still have considerable amounts of WAT after 4 weeks of doxycycline HFD feeding ([Fig. 4c, d](#F4){ref-type="fig"}). The differences in body weights only became significant around 5 weeks after initiation of HFD feeding ([Fig. 4b](#F4){ref-type="fig"}), around the same time that we observed adipogenesis in WAT after hypertrophy^[@R31]^. Consistent with the findings in mice on chow doxycycline diet ([Fig. 3c](#F3){ref-type="fig"}), adipocytes in these Adn-C/EBPα^−/−^ mice had relatively normal morphology and average adipocyte size in sWAT, eWAT and BAT ([Fig. 4e](#F4){ref-type="fig"}). The average adipocyte numbers per image are: sWAT HFD control group, 42; sWAT HFD Adn-C/EBPα^−/−^ group, 42; eWAT HFD control group, 41; eWAT HFD Adn-C/EBPα^−/−^ group 43. *n* = 2 image per group. The total number of adipocytes in HFD Adn-C/EBPα^−/−(E11-P16)^ mice is 115% (sWAT) and 81% (eWAT) of their HFD control littermates. These adipocytes in Adn-C/EBPα^−/−^ mice are viable with 100% of cells displaying a positive perilipin signal ([Fig. 4f](#F4){ref-type="fig"}). Intraperitoneal glucose tolerance tests (GTT) and insulin tolerance tests (ITT) showed that Adn-C/EBPα^−/−^ mice have impaired glucose tolerance and are more insulin resistant after several weeks of doxycycline HFD feeding ([Fig. 4g, h](#F4){ref-type="fig"}).

The inducible adipocyte-specific C/EBPα deletion also altered whole body lipid metabolism. Triglyceride content of the VLDL fractions of Adn-C/EBPα^−/−^ mice was significantly higher, but cholesterol content of the HDL fractions was unaltered ([Supplementary Fig. 5a, b](#SD6){ref-type="supplementary-material"}). Meanwhile, Adn-C/EBPα^−/−^ mice had an increased whole body triglyceride clearance rate ([Supplementary Fig. 5c](#SD6){ref-type="supplementary-material"}). Moreover, the rate of hepatic VLDL-TG production in Adn-C/EBPα^−/−^ mice was almost doubled ([Supplementary Fig. 5d](#SD6){ref-type="supplementary-material"}). During β-3 adrenergic receptor agonist treatment, Adn-C/EBPα^−/−^ mice showed slightly decreased levels of NEFA and triglyceride in circulation, while glucose levels were significantly increased ([Supplementary Fig. 5e--g](#SD6){ref-type="supplementary-material"}). Thus, the Adn-C/EBPα^−/−^ mice had increased whole body triglyceride clearance combined with increased hepatic VLDL-TG production. However, hepatic triglyceride and cholesterol levels were not changed in these mice ([Supplementary Fig. 5h, i](#SD6){ref-type="supplementary-material"}). Metabolic cage studies showed that during week 7 of doxycycline HFD feeding, Adn-C/EBPα^−/−^ mice had significantly higher physical activity ([Supplementary Fig. 5j](#SD6){ref-type="supplementary-material"}) and oxygen consumption ([Supplementary Fig. 5k](#SD6){ref-type="supplementary-material"}), with no appreciable alteration in RER and food intake, compared to control littermates ([Supplementary Fig. 5l, m](#SD6){ref-type="supplementary-material"}).

Ceramide levels positively correlate with impaired glucose tolerance and insulin sensitivity^[@R37]^, and adiponectin is highly involved in controlling these lipids^[@R38]^. We observed a widespread up-regulation in the concentration of sphingoid bases, ceramide and sphingomyelin content in sWAT and eWAT after 1 month of doxycycline HFD feeding ([Supplementary Fig. 6a--i](#SD7){ref-type="supplementary-material"}). The rapid drop of adiponectin levels in circulation after the induced C/EBPα elimination in WAT ([Fig. 3d](#F3){ref-type="fig"}), combined with our previous studies^[@R38]^, suggests that C/EBPα is at least partially regulating ceramide metabolism through controlling adiponectin expression. Long-term C/EBPα elimination also altered the expression levels of critical transcription factors, key adipokines and enzymes. 1 month of doxycycline HFD feeding decreased *PPARγ* and *LXRα* ([Supplementary Fig. 6j](#SD7){ref-type="supplementary-material"}), *adiponectin*, *resistin* and *CD36* ([Supplementary Fig. 6k](#SD7){ref-type="supplementary-material"}), as well as *SCD-1* and *Elovl6* ([Supplementary Fig. 6l](#SD7){ref-type="supplementary-material"}).

In order to have a more complete profile of altered gene expression upon C/EBPα deletion, we collected microarray data from sWAT of Adn-C/EBPα^−/−^ mice after 3 days or 1 month of doxycycline HFD treatment ([Supplementary Fig. 4c](#SD5){ref-type="supplementary-material"}). This yielded a total of 110 (3 days) and 702 (1 month) genes whose expression was significantly altered ([Supplementary Fig. 4d, e](#SD5){ref-type="supplementary-material"}). IPA pathway analysis (a comparison across the canonical pathways), comparing the three C/EBPα deletion arrays with the acute PPARγ deletion array on chow diet ([Supplementary Table 1--4](#SD2){ref-type="supplementary-material"}) showed 3 days post C/EBPα deletion (on either chow or HFD) had no overlap with pathway changes 3 days post PPARγ deletion on chow diet. Interestingly, expression patterns 1 month *post* C/EBPα deletion shared 12 common pathways with 3 days of PPARγ deletion on chow diet ([Supplementary Fig. 7](#SD8){ref-type="supplementary-material"}). We conclude that compared to the genes identified in Adn-C/EBPα^−/−^ mice on the chow diet, most of the C/EBPα targets in mature adipocytes are genes modulated by long-term HFD feeding, and these targets share significant overlap with the changes observed after acute PPARγ loss on chow diet.

Fat expansion in *ob/ob* mice depends on C/EBPα {#S8}
-----------------------------------------------

We next tested whether C/EBPα is essential for adipose tissue expansion in leptin deficient mice. As soon as *ob/ob* Adn-C/EBPα^flox/flox^ mice were started on the doxycycline treatment ([Fig. 5a](#F5){ref-type="fig"}), these mice stopped gaining additional body weight ([Fig. 5b](#F5){ref-type="fig"}). WAT in the *ob/ob* Adn-C/EBPα^−/−^ mice were much smaller ([Supplementary Fig. 8a](#SD9){ref-type="supplementary-material"}), after 6 months, sWAT and eWAT of *ob/ob* Adn-C/EBPα^−/−^ mice are less than half of the WAT in their *ob/ob* control littermates ([Fig. 5c](#F5){ref-type="fig"}). Surprisingly, adipocytes in *ob/ob* Adn-C/EBPα^−/−^ mice retained a similar morphology in sWAT, eWAT and BAT, and the average adipocyte size in sWAT and eWAT was not altered ([Fig. 5d](#F5){ref-type="fig"}). The average adipocyte numbers per image are: sWAT, *ob/ob* control group, 86; *ob/ob* Adn-C/EBPα^−/−^ group, 82; eWAT, *ob/ob* control group, 59; *ob/ob* Adn-C/EBPα^−/−^ group, 74. *n* = 2 image per group. Thus, the total number of adipocytes in *ob/ob* Adn-C/EBPα^−/−(E11-P16)^ mice is 14% (sWAT) and 40% (eWAT) of their *ob/ob* control littermates. These remaining adipocytes in *ob/ob* Adn-C/EBPα^−/−^ mice were 100% positive for perilipin staining ([Fig. 5e](#F5){ref-type="fig"}), indicating that the cells in these depots are live adipocytes, even after prolonged absence of C/EBPα. Liver weights of *ob/ob* Adn-C/EBPα^−/−^ mice were not altered, thus, the ratio of liver weight to total body weight is dramatically higher in the Adn-C/EBPα^−/−^ mice ([Fig. 5c](#F5){ref-type="fig"}), with worse hepatic steatosis ([Fig. 5f](#F5){ref-type="fig"}). Similar to Adn-C/EBPα^−/−^ mice, *ob/ob* Adn-C/EBPα^−/−^ displayed enhanced glucose intolerance ([Supplementary Fig. 8b](#SD9){ref-type="supplementary-material"}) and higher rate of hepatic VLDL-TG production ([Supplementary Fig. 8c](#SD9){ref-type="supplementary-material"}). *Ob/ob* Adn-C/EBPα^−/−^ mice also had significantly increased oxygen consumption ([Supplementary Fig. 8d](#SD9){ref-type="supplementary-material"}), associated with an increase in RER ([Supplementary Fig. 8e](#SD9){ref-type="supplementary-material"}), indicating the mice are more prone to glucose utilization. *Ob/ob* Adn-C/EBPα^−/−^ mice also displayed slightly increased activity during the night time ([Supplementary Fig. 8f](#SD9){ref-type="supplementary-material"}). Combined, these observations indicate that deleting C/EBPα both in the context of a HFD as well as in the absence of leptin causes attenuation of adipose tissue expansion and a worsening of insulin resistance and dyslipidemia, represent a typical lipodystrophic model^[@R39]^.

Our previous study demonstrated that *ob/ob* mice with adiponectin overexpression (*ob/ob* AdTg mice) have significantly enlarged WAT^[@R40]^. Here, we crossed the *ob/ob* Adn-C/EBPα^flox/flox^ mice with AdTg mice ([Fig. 5a](#F5){ref-type="fig"}). Surprisingly, these *ob/ob* Adn-C/EBPα^flox/flox^ AdTg mice gained weight at the same rate as the *ob/ob* control littermates ([Fig. 5g](#F5){ref-type="fig"}). The circulating adiponectin levels dropped dramatically in *ob/ob* Adn-C/EBPα^−/−^ mice, and adiponectin levels were restored in the *ob/ob* Adn-C/EBPα^−/−^ AdTg mice ([Fig. 5h](#F5){ref-type="fig"}). Glucose intolerance, on the other hand, was not restored by adiponectin overexpression ([Fig. 5i](#F5){ref-type="fig"}). WAT mass was preserved in the Adn-C/EBPα^−/−^ AdTg mice ([Fig. 5j](#F5){ref-type="fig"}). These results indicate that by restoring adiponectin in circulation upon C/EBPα deficiency, the associated attenuation of adipose tissue expansion in *ob/ob* mice can be overcome.

Adult white, but not beige adipogenesis depends on C/EBPα {#S9}
---------------------------------------------------------

So far, our data has shown that C/EBPα is not required for embryonic white adipogenesis, but critical for adipose tissue expansion during HFD or in leptin deficient mice. Here, we generated a more direct model to study the role of C/EBPα in adult adipogenesis *in vivo*, by crossing the inducible C/EBPα knockout system with our previously characterized FAT-ATTAC mice (*F*AT *A*poptosis *T*hrough *T*riggered *A*ctivation of *C*aspase-8)^[@R41]^ to obtain FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice ([Fig. 6a](#F6){ref-type="fig"}). The FAT-ATTAC mice carry a transgene encoding a caspase 8 protein fused to a dimerization domain under the control of the aP2 adipocytes--specific promoter. The Adipocytes in FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice were alive with positive perilipin staining prior to dimerization ([Fig. 6b](#F6){ref-type="fig"}). Upon a single treatment with dimerizer, apoptosis is initiated in every adipocyte. 7 days after dimerization, sWAT and eWAT sizes were dramatically reduced ([Fig. 6c](#F6){ref-type="fig"}) and adipocytes were uniformly dead, with disrupted morphology and negative perilipin signal ([Fig. 6b](#F6){ref-type="fig"}). By the 4^th^ week post dimerization, both sWAT and eWAT recovered to around half of their original tissue mass in FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice kept on chow diet ([Fig. 6d](#F6){ref-type="fig"}). These mice displayed \~100% perilipin positive adipocytes 6 week post dimerization ([Fig. 6b](#F6){ref-type="fig"}), suggesting active *de novo* adipogenesis during the recovery stage. The FAT-ATTAC/Adn-C/EBPα^−/−^ mice kept on doxycycline chow diet for 6 weeks post dimerization continued to display a disrupted morphology, with predominantly negative perilipin staining in both sWAT and eWAT ([Fig. 6b](#F6){ref-type="fig"}). By week 4 of recovery post dimerization, FAT-ATTAC/Adn-C/EBPα^−/−^ mice kept on doxycycline chow diet had smaller fat pads after dimerization, compared to FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice kept on chow diet ([Fig. 6d](#F6){ref-type="fig"}). These results indicate that new adipocytes cannot effectively form during the recovery stage without the presence of C/EBPα.

Adipogenesis also occurs within skeletal muscle after injury. After glycerol-induced injury, fibrous tissue is generated around the injection area, and white adipocytes are gradually generated at the site of injury^[@R42]^. We tested whether C/EBPα is required for adipogenesis in muscle([Fig. 6e](#F6){ref-type="fig"}). 3 weeks post-injection, muscle from Adn-C/EBPα^−/−^ mice showed only fibrous tissue but no adipocytes, while muscle from the control littermates showed visible adipocytes ([Fig. 6f](#F6){ref-type="fig"}). In control mice, mRNA of adipocyte markers, such as *adipsin* and *adiponectin*, were all dramatically increased in the glycerol-injected side compared to the PBS injected side ([Fig. 6g](#F6){ref-type="fig"}). *Adipsin* and *adiponectin* expression in the glycerol-injected side of Adn-C/EBPα^−/−^ mice were comparable to the PBS injected side of control mice, but far below the values for the glycerol-injected side of control mice ([Fig. 6g](#F6){ref-type="fig"}). This indicates that the muscle injury-induced adipogenesis in adult mice also critically depends on the presence of C/EBPα.

We have previously found that beige adipocytes induced by cold exposure arise from *de novo* adipogenesis^[@R31]^. We determined whether C/EBPα is essential for beigeing of WAT ([Fig. 7a](#F7){ref-type="fig"}). Surprisingly, 10 days after cold exposure, expressions of the beige adipocyte markers *Ucp1* and *Tmem26* in Adn-C/EBPα^−/−^ mice were normal ([Fig. 7b](#F7){ref-type="fig"}). Both control and Adn-C/EBPα^−/−^ mice showed massive browning morphology in sWAT ([Fig. 7c](#F7){ref-type="fig"}). with positive UCP1 staining ([Fig. 7d](#F7){ref-type="fig"}). This distinct absence of the requirement for C/EBPα in this process indicates that although C/EBPα is indispensable for white adipogenesis in adult mice, beige adipogenesis is a unique process that differs from white adipogenesis in the adult that does not require C/EBPα at all.

Discussion {#S10}
==========

Our study reveals that white adipogenesis in adult mice utilizes distinct mechanisms during embryonic development or beige adipogenesis ([Fig. 8](#F8){ref-type="fig"}). One of our most important results presented here is that the precursor cells giving rise to adipocytes during embryogenesis are different from the precursor cells giving rise to adipocytes in the mature animal, at least as far as the requirements for C/EBPα are concerned. We have tested the requirements of C/EBPα under a number of different adipogenic occasions in adult mice, and the results were quite clear: adipocyte maturation cannot happen while deleting C/EBPα during late white adipogenesis in adult mice under many conditions. In the FAT-ATTAC model, the transgene encoding the caspase 8 fusion protein of FAT-ATTAC mice is under the control of the aP2 promoter, which has been shown to be active in other cell types. The lack of specificity of this aP2 promoter cassette may cause irreversible changes in whole body metabolism. However, our initial characterization of the FAT-ATTAC transgene neither revealed significant expression nor did it cause apoptosis in any of these other cell types. Since WAT effectively regenerates *post* dimerzation, we believe that adipocyte precursors are not affected or eliminated by the transgene.

Beige adipogenesis occurs within sWAT after cold exposure, and arises from *de novo* adipogenesis and is believed to originate from unique precursor cells^[@R43]--[@R45]^. We have previously shown that rtTA is expressed in the beige cells in AdipoChaser mice^[@R31]^. In this study, we found that deleting C/EBPα during beige adipogenesis has no impact on the formation and function of beige adipocytes. These results indicate that C/EBPα expression in the maturation stage is only essential for white adipogenesis in the adult, not for beige adipogenesis or embryonic adipogenesis. We appreciate that sWAT and eWAT have distinct morphology and functions, and these two fat depots may have unique precursor pools, responding to differential developmental and nutritional cues^[@R46]--[@R50]^. Here, we show a differential temporal requirement for C/EBPα for adipogenesis within the same fat depot.

We have also tested the loss of function of PPARγ under all adult adipogenesis conditions that we have examined for C/EBPα, using the Adn-PPARγ^flox/flox^ model. In general, PPARγ is required in the adult mouse under all conditions that require adipogenesis. However, in contrast to C/EBPα, PPARγ is also required for the survival of mature adipocytes. Upon inducible PPARγ deletion, the overall structure and viability of the fat pad is negatively affected, which is consistent with a recent publication by the group of Lazar^[@R33]^. It is difficult to assess *de novo* adipogenesis under these conditions.

Adiponectin is known to be regulated by C/EBPα^[@R51]--[@R53]^. In our inducible knockout system, adiponectin levels were reduced dramatically after as little as two days of C/EBPα deletion, i.e. one of the earliest read-outs of C/EBPα deficiency. The systemic loss of adiponectin also argues that we systematically eliminate C/EBPα in all fat pads. We were surprised that adiponectin overexpression in the *ob/ob* background can rescue the attenuation of WAT expansion due to C/EBPα deficiency.

Although adiponectin is not required for WAT formation both *in vitro* and *in vivo*^[@R54]^, it is unknown how adiponectin is involved in WAT expansion and regeneration in adult mice, especially when mice are facing metabolic challenges. Our previous results indicated that adiponectin is highly correlated with healthy expansion of WAT, as well as whole body lipid and glucose metabolism^[@R40],\ [@R55]--[@R59]^. Here, we show that a simple increase of adiponectin can restore adipogenesis in adult mice in the absence of C/EBPα, indicating yet again that the process of adipogenesis shares different mechanisms at different stages of an individual's life. This result also highlights that adiponectin not only controls adipocyte function, it may also directly control adipogenesis under certain conditions.

*In vitro* studies have shown that most genes induced in adipogenesis are targets for both PPARγ and C/EBPα^[@R13],\ [@R14]^. However, here we demonstrate that PPARγ and C/EBPα control distinct transcriptional programs with very limited overlap *in vivo*. This observation indicates that C/EBPα is distinct from PPARγ in regulating the function of mature adipocytes, at the level of direct targets under healthy conditions. Not surprisingly, there is a notable lack of phenotypic changes in C/EBPα deficient mice kept on a chow diet. When kept on HFD for 1 month, the C/EBPα-specific transcriptional programs are visible at a much broader range in sWAT, and these programs begin to overlap with acute PPARγ-specific transcriptional programs, suggesting C/EBPα is regulating mostly pathways modulated by high dietary fat exposure. This in turn is consistent with the fact that C/EBPα elimination in the WAT of mice kept on HFD resulted in rapid dysfunction of glucose and lipid metabolism.

Methods {#S11}
=======

Mice {#S12}
----

Mice were maintained in a 12 h dark/light cycle and housed in groups of three to five with unlimited access to water and food (chow diet, number 5058, lab diet, St. Louis, MO; New Brunswick, NJ; doxycycline chow diet (600 mg/kg), S4107, Bio-Serv, Flemington, NJ; doxycycline high fat diet (600 mg/kg), S5867, Bio-Serv as indicated in individual experiments). All mice were on C57BL/6J background. The Adn-rtTA, AdTg and FAT-ATTAC mouse was generated by our lab. TRE-Cre, C/EBPα^flox/flox^, PPARγ^flox/flox^ and *ob/ob* lines were obtained from the Jackson Laboratories. The Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center, Dallas, have approved all animal experiments.

Metabolic cage studies were performed in the UTSW Metabolic Core facility. GTTs were performed in mice without access to food for 4 hours prior to administration of 2 g/kg body weight glucose by intraperitoneal injection. ITTs were performed in mice without access to food for 4 hours prior to administration of 0.75 U/kg body weight insulin (Eli Lilly, Indianapolis, Indiana, USA) by intraperitoneal injection. For triglyceride clearance, mice were fasted overnight and then given 10 μl of intralipid 10 μl/gram body weight by gastric gavage. Approximately 20 μl of blood was collected at the indicated time points. Serum or plasma glucose values were measured with a glucose assay (Sigma, St. Louis, Mo). For β-3 adrenergic receptor agonist tests, blood samples were obtained before and 15, 30, 60 and 120 min after intraperitoneal injection of 1 mg/kg CL316, 243 (Sigma, St. Louis, Mo). Adiponectin was measured with mouse adiponectin ELISA kit (Millipore, Bedford, MA). Serum or plasma triglyceride and cholesterol were measured with an Infinity Triglyceride Kit and Infinity Cholesterol Kit (Thermo Electron Corporation, Vantaa, Finland), respectively. Serum or plasma NEFAs were measured with a NEFA-HR kit (Wako Diagnostics, Mountain View, CA). For histology, adipose or liver tissues (*n* = 2--3 male mice) were excised and fixed in 10% PBS-buffered formalin overnight. Following paraffin embedding and sectioning, tissues were stained with Hematoxylin and eosin stain (H&E).

SVF Culture and Adipocyte Differentiation {#S13}
-----------------------------------------

SVF fractions from sWAT were obtained from 5 weeks old male mice of each genotype as indicated. Briefly, dissected sWAT from two mice of each genotype were digested for 1 hour at 37 degree in PBS containing 10 mM CaCl~2~, 2.4 units/mL dispase II (Roche Diagnostics Corporation, Indianapolis, IN) and 1.5 units/mL collagenase D (Roche Diagnostics Corporation, Indianapolis, IN). Digested cell/tissue mixture was filtered through a 100 μm cell strainer to remove undigested tissues. The flow-through cells was centrifuged for 5 minutes at 600×g at 4°C. Cell pellet was resuspended in complete SVF culture medium (DMEM/F12 Invitrogen, Carlsbad, CA; plus Glutamax, Pen/Strep, and 10% FBS) and then filtered through a 40 μM cell strainer to remove clumps and large adipocytes. The flow-through was centrifuged for 5 minutes at 600 g at 4°C, SVF pellet was then resuspended in complete SVF culture medium and plated onto a 6-well tissue culture plate for RNA extraction and Oil Red O staining, or 35-mm glass bottom tissue culture dish for Immunofluorescence staining. For adipocyte differentiation, cells were exposed to the adipogenic cocktail containing dexamethasone (1 μM), insulin (5 μg/ml), isobutylmethylxanthine (0.5 mM) (DMI) and rosiglitazone (1 μM) in complete SVF culture medium. Forty-eight hours after induction, cells were maintained in SVF culture medium containing insulin (5 μg/ml) and rosiglitazone (1 μM) until harvest. For Oil Red O staining, differentiated adipocytes were fixed by 1 mL of 10% formalin per well for 30 minutes. Following fixation, adipocytes were washed by DI water, and then incubated with 1.5 mL isopropanol for 5 minutes. 1.5 mL Oil Red O working solution (Oil Red O 2 g/L, 60% isopropanol, 40% H~2~O) were added to each well for 5 minutes. Finally, each well was washed by tap water until the water rinses off clear.

Quantitative real-time RT-PCR {#S14}
-----------------------------

Total RNA from mouse tissues was isolated using RNeasy Mini Kit (Qiagen, Venlo, Netherlands). First-strand cDNA was synthesized with M-MLV reverse transcriptase and random hexamer primers (Invitrogen, Carlsbad, CA) from 1 μg of RNA. Real-time quantitative PCR was done with the SYBR Green PCR system (Applied Biosystems, Foster City, CA), using β-actin as an internal control for normalization. All primer sequences are provided in [Supplementary Table 5](#SD2){ref-type="supplementary-material"}.

Antibodies and Western blot analysis {#S15}
------------------------------------

For western blot analysis of adiponectin, serum samples (*n* = 2 male mice) were diluted in PBS plus sample loading buffer followed by boiling for 10 min at 95°C. For western blot analysis of tissue samples (*n* = 2--3 male mice), proteins were extracted in RIPA buffer. Samples were loaded on a Criterion precast gel (Bio-Rad, Hercules, CA), and after SDS-PAGE the samples were subjected to immunoblot analysis with PVDF membrane (Millipore, Bedford, MA) using polyclonal anti-adiponectin^[@R60]^, C/EBPα, pAkt (Ser473), tAkt, pErk1/2 (Thr202/Tyr204) and tErk1/2 (\#8178, \#9271, \#9272, \#9101 and \#9102 Cell Signaling, Danvers, MA) and β-actin (Sigma, St. Louis, Mo) antibodies (1:300 dilution for adiponectin, 1:1000 dilution for all other antibodies). For Western blots in [Fig. 3b and 3d](#F3){ref-type="fig"}, Secondary antibodies used were an IRDye 800-coupled goat anti-rabbit secondary antibody (Rockland, Gilbertsville, PA) and an IRDye 700-coupled goat anti mouse secondary antibody (Rockland, Gilbertsville, PA) (for labelling of mouse IgG as serum loading control). The membrane was scanned by the LI-COR Odyssey infrared imaging system at 700- and 800-nm channels simultaneously. For other western blots, ECL method was used and the PVDF membranes were exposed to X-film. All the unprocessed original scans can be found in the [Supplementary Fig. 9](#SD10){ref-type="supplementary-material"}.

*In vivo* insulin signaling assay {#S16}
---------------------------------

*In vivo* insulin signaling in the adipose tissue and liver is measured as described^[@R61]^. Briefly, mice were fasted for 24 hours before insulin injection. Anesthetized mice were opened, one side of the two sWATs and eWATs and a piece of liver were excised and snap-frozen in liquid nitrogen for use as untreated control. Four to five min after injection via the portal vein with 1 U/kg of human insulin (Eli Lilly, Indianapolis, Indiana, USA), the other side of sWAT and eWAT and a piece of liver were snap-frozen for subsequent protein extraction and Western immunoblot analysis.

Chromatin immunoprecipitation (CHIP) assays {#S17}
-------------------------------------------

Differentiated adipocytes in 10 cm dishes were cross-linked in 1% formaldehyde for 10 minutes, followed by quenching with 125 mM glycine solution for 5 minutes. After two washes with cold PBS. Nuclear were extracted by first washing cells in 0.25% Triton-X100, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES, pH 6.5, and 200 mM NaCl, and then in 1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES, pH 6.5. Nuclei were resuspended in 1.5% SDS, 10 mM EDTA, 50mM Tris.HCl, pH 8.0, 1X protease inhibitor cocktail and lysed by snap freezing. Sonication was performed for Chromatin fragmentation. For immunoprecipitation, anti-C/EBPα antibodies (sc-61 and sc-9314, Santa Cruz Biotechnologies), anti-PPARγ antibodies (sc-7196 and sc-1984, Santa Cruz Biotechnologies), anti-C/EBPβ antibodies (sc-746x and sc-150x, Santa Cruz Biotechnologies) or rabbit IgG control were used in CHIP dilution buffer (16.7 mM Tris-HCl pH 8.1, 167 mM NaCl, 0.01%SDS, 1.1% Triton-X 100). DNA-protein complex was eluted and cross-link were reversed overnight at 65°C. DNA samples were purified by Qiagen PCR purification kit. For enrichment analysis, real-time quantitative PCR was done with the SYBR Green PCR system (Applied Biosystems, Foster City).

Immunofluorescence staining {#S18}
---------------------------

Formalin-fixed, paraffin-embedded sections from adipose tissue (*n* = 2--3 male mice) were blocked in PBST with 5% BSA. Primary antibody used was perilipin (1:500 dilution) (a kind gift of Dr. Andy Greenberg, Tufts University or NB100-60554, NOVUS) and UCP1 (1:250 dilution) (ab10983, Abcam, Cambridge, England); secondary antibodies (1:200 dilution) used were Alexa Fluor 594 Goat anti-Rabbit IgG (H+L), Alexa Fluor 594 Donkey anti-Goat IgG (H+L) and Alexa Fluor 488 Goat anti-Rabbit IgG (H+L) (Invitrogen, Carlsbad, CA). Slides were counterstained with DAPI. Images were acquired using AxioObserver Epifluorescence Microscope (Zeiss, Jena, Germany).

Microarray analysis {#S19}
-------------------

Gene expression profiling was performed at the UTSW Genomics and Microarray Core. For each group, total RNA from sWAT of 9--14 mice were pooled into 3 samples (3--5 mice per sample) labeled and hybridized to Illumina MouseWG-6 v2.0 Expression BeadChips (Illumina, Inc., San Diego, CA) according to manufacturer's protocol. Normalization and statistical analysis of gene expression was performed in by GeneSpring GX software (Agilent Technologies, Santa Clara, CA) and differentially expressed genes were identified using moderated t-statistics with an adjusted p-value \<0.05. Canonical Pathway Analysis and Comparison Analysis were performed by the IPA Ingenuity software (Ingenuity Systems, Redwood City, CA).

*In vivo* scanning {#S20}
------------------

For *in vivo* scans, mice were anesthetized by 1% isoflurane inhalation. The whole body (base of the skull, as the spinal canal begins to widen and the distal end of the tibia) of each mouse was scanned at an isotropic voxel size of 93 μm (80 kV, 450 μA, and 100 msec integration time) using the eXplore Locus microcomputer tomography (CT) scanner (GE Healthcare, Princeton, NJ). Selection of the scan energy and voxel size (scanning increment) was based on optimizing the requirements of scanning time and tissue detail and to minimize exposure to radiation. Based on the scan parameters, the estimated radiation exposure was 4 rad (0.04 Gy) for each scan. Three-dimensional images were reconstructed from two-dimensional gray-scale image slices and visualized using Microview Software (GE Healthcare, Princeton, NJ). Density values for soft tissue and bone were calibrated from a phantom (GE Healthcare, Princeton, NJ) containing air bubble, water, and hydroxyl apatite rod. The region of interest (ROI) for each animal was defined based on skeletal landmarks from the gray-scale images.

Lipid quantifications {#S21}
---------------------

Sphingolipids were quantified as described previously by LC/ESI/MS/MS using a Shimadzu Nexera X2 UHPLC system coupled to a Shimadzu LCMS-8050 triple quadrupole mass spectrometer^[@R38]^. Lipid species were identified based on exact mass and fragmentation patterns, and verified by lipid standards.

Hepatic triglyceride secretion rate and lipoprotein analysis {#S22}
------------------------------------------------------------

Hepatic triglyceride secretion rates were determined by measuring the increases in serum triglycerides after inhibition of lipoprotein lipase^[@R62]^. Briefly, tyloxapol (Sigma, St. Louis, MO) was injected via tail-vein at 600 mg/kg, a dose that was reported to completely inhibit triglyceride clearance during VLDL secretion experiments. Serum samples were taken from the tail vein every hour for triglyceride analysis. For lipoprotein fractionation analysis, equal volumes of serum samples were pooled (for a total of 0.4 ml) from 6 mice per group. The pooled plasma from each group was subjected to FPLC gel filtration on a Superose 6 10/300 GL FPLC column (Amersham Biosciences, Piscataway, NJ). The fractions (0.5 ml) were collected and total triglycerides and cholesterol levels of each fraction were determined using the Infinity Triglyceride and Cholesterol Kit (Thermo Electron Corporation, Vantaa, Finland).

Mouse muscle injury and recovery {#S23}
--------------------------------

50 μl of 50% v/v glycerol was intramuscularly injected into tibialis anterior muscle of the right leg, while 50 μl of PBS was injected to the left leg^[@R63]^. The injection was performed under anesthesia using isoflurane inhalation. Mice were sacrificed 3 weeks after injection and the tibialis anterior muscles were harvested for histology or RNA extraction.

Reproducibility of experiments {#S24}
------------------------------

For the requirement of C/EBPα or PPARγ during terminal embryonic adipogenesis ([Figure 1](#F1){ref-type="fig"}), there were two independent experiments. For C/EBPα deletion in differentiated SVF ([Figure 2](#F2){ref-type="fig"}), there were three independent experiments. For adiponectin level in the circulation ([Figure 3d](#F3){ref-type="fig"}), there were three independent experiments. For Adn-C/EBPα^flox/flox^ mice fed on a dox high fat diet ([Figure 4b](#F4){ref-type="fig"}), there were three independent experiments. For GTT on Adn-C/EBPα^flox/flox^ mice fed on a dox high fat diet ([Figure 4g, h](#F4){ref-type="fig"}), there were two independent experiments. For *ob/ob* Adn-C/EBPα^flox/flox^ mice fed on a dox chow diet ([Figure 5b, c](#F5){ref-type="fig"}), there were two independent experiments. For *ob/ob* Adn-C/EBPα^flox/flox^ AdTg mice fed on a dox chow diet, there were two independent experiments. For muscle injury in Adn-C/EBPα^flox/flox^ mice ([Figure 6g](#F6){ref-type="fig"}), there were two independent experiments. For cold induced beige adipogenesis in Adn-C/EBPα^flox/flox^ mice ([Figure 6g](#F6){ref-type="fig"}), there were two independent experiments. For tissue profile of C/EBPa knockdown ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}), there were two independent experiments. For fat floating ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}), there were two independent experiments. For Triglyceride content of the VLDL fractions and cholesterol content of the HDL fractions ([Supplementary Fig. 5a, b](#SD6){ref-type="supplementary-material"}), there were two independent experiments. For the rest of results shown in figures, there was no replication of mouse experiments. There is no estimate of variation in each group of data and the variance is similar between the groups. No statistical method was used to predetermine sample size. The experiments were not randomized. The Investigators were not blinded to allocation during experiments and outcome assessment. All data is expected to have normal distribution.

Statistical analysis {#S25}
--------------------

Data are presented as means ± s.e.m. Differences were analyzed by unpaired two-tailed t -test between two groups or otherwise by two-way ANOVA.

Microarray data accession {#S26}
-------------------------

The Microarray data is deposited in GEO (accession code GSE62937, link: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62937>).
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![C/EBPα is not required for terminal embryonic adipogenesis\
**a.** Experimental design: Adn-C/EBPα^flox/flox^ or control littermates (mice contains only Adn-rtTA and C/EBPα^flox/flox^) of both genders, Adn-PPARγ^flox/flox^ male mice and control littermates (mice carrying only Adn-rtTA and PPARγ^flox/flox^) were on doxycycline (dox) chow diet during E11--P16. After P16, they were switched to normal chow diet to generate Adn-C/EBPα^−/−(E11-P16)^ or Adn-PPARγ^−/−(E11-P16)^ mice.\
**b.** Western-blot of C/EBPα levels in protein extracts of sWAT, eWAT and liver from Adn-C/EBPα^−/−(E11-P16)^ male mice and their control male littermates at 7 weeks of age. 2 male mice per group. These images are from a single Western-blot experiment.\
**c.** Whole tissue pictures of eWAT and sWAT from Adn-C/EBPα^−/−(E11-P16)^ male mice and their control male littermates at 7 weeks of age. These images are from a single experiment.\
**d.** sWAT and eWAT tissue mass (top) and average adipocyte size (bottom) of Adn-C/EBPα^−/−(E11-P16)^ male mice and their control male littermates at 7 weeks of age. For adipose tissue mass, *n* = 5 male mice (10 fat depots, control group), *n* = 3 male mice (6 fat depots, Adn-C/EBPα^−/−(E11-P16)^ group). This experiment is representative of two independent experiments. For adipocyte size, *n* = 339 cells (control, sWAT); 408 cells (Adn-C/EBPα^−/−(E11-P16)^, sWAT); 338 cells (control, eWAT); 323 cells (Adn-C/EBPα^−/−(E11-P16)^, eWAT). Data represent the mean ± s.e.m. Student's t-test. This data is from a single experiment.\
**e, f.** H&E staining (**e**) and perilipin (red)/DAPI (blue) immunofluorescence staining (**f**) in sWAT and eWAT in Adn-C/EBPα^−/−(E11-P16)^ male mice and their control male littermates. These images are representative of two independent experiments.\
**g.** sWAT and eWAT tissue mass (top) and average adipocyte size (bottom) of Adn-PPARγ^−/−(E11-P16)^ male mice and their control male littermates were measured when they were 10 weeks of old. For tissue mass, *n* = 4 male mice (8 fat depots, control group), *n* = 3 male mice (6 fat depots, Adn- PPARγ^−/−(E11-P16)^ group). \*\*, *P* \<0.001 for sWAT; \*, *P* = 0.04 for eWAT. This experiment is representative of two independent experiments. For average adipocyte size, *n* = 335 cells (control, eWAT); 245 cells (Adn- PPARγ^−/−(E11-P16)^, eWAT. \*\*, *P* \<0.001. All compared to control group. All data represent the mean ± s.e.m. Student's t-test.\
**h, i.** H&E (**h**) and perilipin (red)/DAPI (blue) immunofluorescence staining (**i**) shows the adipocyte morphology in sWAT and eWAT of Adn-PPARγ^−/−(E11-P16)^ male mice, compared to their control male littermates. These image are representative of two independent experiments.](nihms704891f1){#F1}

![C/EBPα deficient adipocytes are viable and have normal lipid accumulation *in vitro*\
**a.** Western-blots of C/EBPα in protein extracts of differentiated adipocytes from SVF of Adn-C/EBPα^flox/flox^ mice or control littermates, treated with doxycycline for 3 days. These images are representative of two independent Western-blot experiments.\
**b.** Oil red O staining on differentiated adipocytes from SVF of Adn-C/EBPα^flox/flox^ mice or control littermates, treated with doxycycline for 3 days (left). Relative Oil Red O intensity was measured by ImageJ software (right). *n* = 3 wells of a six-well plate for each group. This experiment is representative of three independent experiments.\
**c, d.** immunofluorescence stains for C/EBPα (red), DAPI (blue) and perilipin (green) (**c**) or C/EBPα (red), DAPI (blue) and BODIPY (green) (**d**) on differentiated adipocytes treated with doxycycline for 3 days. These images are representative of two independent experiments.](nihms704891f2){#F2}

![Normal viability and lipid accumulation in inducible C/EBPα deficient adipocytes *in vivo*\
**a.** Experimental design: Adn-C/EBPα^flox/flox^ mice started doxycycline chow diet treatment on 10 weeks of age to generate Adn-C/EBPα^−/−^ mice.\
**b.** Western-blots of phospho-Akt (Ser473), total Akt, phospho-Erk1/2 (Thr202/Tyr204) and total Erk1/2 levels in protein extracts of sWAT, eWAT and liver from Adn-C/EBPα^−/−^ mice and their control littermates after 4 days of doxycycline chow diet feeding. *n* = 2 male mice per group. The bar graphs indicate the fold stimulation of pAkt and pErk1/2 phosphorylation relative to tAkt and tErk1/2. Data represent the mean. These images are representative of two independent Western-blot experiments.\
**c.** H&E staining (left) and average adipocyte size (right) in sWAT and eWAT of both groups after 1 month of doxycycline HFD feeding. These images are representative of two independent experiments. For adipocyte sizes, *n* = 154 cells (control, sWAT); 192 cells (Adn-C/EBPα^−/−^, sWAT); 76 cells (control, eWAT); 86 cells (Adn-C/EBPα^−/−^, eWAT). All data represent the mean ± s.e.m.. All from one image shown in the figure. This data is from a single experiment.\
**d.** Western-blot of circulating adiponectin after 1--8 days of doxycycline chow diet feeding and quantification (left). Relative protein levels were determined by densitometry quantification of the immunoblots after normalization to IgG light chain (LgGLC) (right). *n* = 2 male mice per group. Data represent the mean. Theses image is representative of three independent Western-blot experiments.\
**e, f.** Circulating adiponectin levels tested by ELISA in Adn-C/EBPα^−/−(E11-P16)^ male mice (**e**), Adn-PPARγ^−/−(E11-P16)^ male mice (**f**) and their control male littermates at 8 weeks of age. *n* = 5 male mice (control group for both e and f), *n* = 3 male mice (Adn-C/EBPα^−/−(E11-P16)^ group), *n* = 9 male mice (Adn-PPARγ^−/−(E11-P16)^ group). \*, *P* = 0.01 for Adn-C/EBPα^−/−(E11-P16)^ mice; \*\*, *P* = 0.008 for Adn-PPARγ^−/−(E11-P16)^ mice. All data represent the mean ± s.e.m. Student's t-test.\
**g.** Experimental design: for microarray analysis, 10 weeks old Adn-C/EBPα^flox/flox^ male mice or Adn-PPARγ^flox/flox^ male mice and their control male littermates were kept on doxycycline chow diet for 3 days to generate Adn-C/EBPα^−/−^ or Adn-PPARγ^−/−^ mice. *n* = 14, control group for Adn-PPARγ^−/−^; *n* = 10, Adn-PPARγ^−/−^ group and control group for Adn-C/EBPα^−/−^; *n* = 12, Adn-C/EBPα^−/−^ group.\
**h.** Overlap of C/EBPα direct responsive genes and PPARγ direct responsive genes. *P* cut-off: 0.05; fold change cut-off: 1.5. Student's t-test. This data is from a single experiment.](nihms704891f3){#F3}

![Mice with inducible C/EBPα elimination in adipocytes have impaired glucose and lipid metabolism during high fat diet challenge\
**a.** Experimental design: Adn-C/EBPα^flox/flox^ mice started doxycycline (dox) HFD treatment at10 weeks of age to generate HFD Adn-C/EBPα^−/−^ mice.\
**b.** Body weights of both groups during doxycycline HFD feeding. *n* = 6 male mice (HFD control group), *n* = 11 male mice (HFD Adn-C/EBPα^−/−^ group). \*, *P* = 0.02 at day 34; \*\*, *P* \<0.001 at day 38; \*\*, *P* \<0.001 at day 44, compared to HFD control group. Data represent the mean ± s.e.m. Student's t-test. This experiment is representative of three independent experiments.\
**c.** Magnetic resonance imaging analysis of both groups after 4 weeks of doxycycline HFD feeding. Red mass represents adipose tissue. These images are from a single experiment.\
**d.** NMR body fat and lean content of both groups after 4 weeks of doxycycline HFD feeding. *n* = 11 male mice per group. Data represent the mean ± s.e.m. This data is from a single experiment.\
**e.** H&E staining (left) in sWAT, eWAT and BAT and average adipocyte size (right) of sWAT and eWAT, as indicated, of both groups after 4 weeks of doxycycline HFD feeding. These images are representative of two independent experiments. For adipocyte sizes, *n* = 53 cells (HFD control, sWAT); 42 cells (HFD Adn-C/EBPα^−/−^, sWAT); 43 cells (HFD control, eWAT); 47 cells (HFD Adn-C/EBPα^−/−^, eWAT). All data represent the mean ± s.e.m. Student's t-test. All from one image shown in the figure. This data is from a single experiment.\
**f.** Immunofluorescence staining for perilipin (red) and DAPI (blue) in sWAT, eWAT and BAT, as indicated, of both groups after 4 weeks of doxycycline HFD feeding. This image is representative of two independent experiments.\
**g, h**. GTT (**f**) and ITT (**g**) were performed during the 4^th^ and 6^th^ week of doxycycline HFD feeding on Adn-C/EBPα^−/−^ mice and their control littermates, the bar graph represents the area under the curve. For GTT, *n* = 10 male mice (HFD control group), *n* = 8 male mice (HFD Adn-C/EBPα^−/−^ group). For ITT, *n* = 7 male mice (HFD control group), *n* = 6 male mice (HFD Adn-C/EBPα^−/−^ group). \*, *P* = 0.047, 0.039 for GTT 30, 90 minutes; \*\*, *P* = 0.001 for GTT 60 minutes; \*, *P* = 0.01 for GTT AUC; \*, *P* = 0.048 for ITT 15, 60 minutes, \*, *P* = 0.04 for ITT AUC, compared to HFD control group. All data represent the mean ± s.e.m. Two-way ANOVA. These experiment are all representative of two independent experiments.](nihms704891f4){#F4}

![Inducible deletion of C/EBPα in adipocytes of *ob/ob* mice attenuates adipose tissue expansion, which can be rescued by adiponectin overexpression\
**a.** Experimental design: *ob/ob* Adn-C/EBPα^flox/flox^ mice or *ob/ob* Adn-C/EBPα^flox/flox^ AdTg mice started doxycycline chow diet treatment at 6 weeks of age to generate *ob/ob* Adn-C/EBPα^−/−^ mice or *ob/ob* Adn-C/EBPα^−/−^ AdTg mice.\
**b.** Body weights during doxycycline chow diet feeding. *n* = 5 male mice per group. \*\*, *P* \<0.001 at day 41, 62, 83, 108 and 136. Student's t-test. This experiment is representative of two independent experiments. **c.** sWAT, eWAT and liver tissue weight. *n* = 5 male mice per group. \*\*, *P* \<0.001, compared to *ob/ob* control group. Student's t-test. This experiment is representative of two independent experiments.\
**d.** H&E staining (left) of sWAT, eWAT and BAT, and average adipocyte size (right) of sWAT and eWAT, as indicated. These images are representative of two independent experiments. For adipocyte sizes, *n* = 105 cells (*ob/ob* control, sWAT); 60 cells (*ob/ob* Adn-C/EBPα^−/−^, sWAT); 80 cells (*ob/ob* control, eWAT); 89 cells (*ob/ob* Adn-C/EBPα^−/−^, eWAT). All data represent the mean ± s.e.m. Student's t-test. All from one image shown in the figure. This data is from a single experiment..\
**e.** Immunofluorescence staining for perilipin (red) and DAPI (blue) in sWAT, eWAT and BAT. These images are representative of two independent experiments.\
**f.** H&E staining of liver. These images are representative of two independent experiments.\
**g**. Body weights during doxycycline chow diet feeding. *n* = 3 male mice (*ob/ob* control group, *ob/ob* control AdTg group and *ob/ob* Adn-C/EBPα^−/−^ group), *n* = 7 male mice (*ob/ob* Adn-C/EBPα^−/−^ AdTg group). \*, *P* = 0.03, 0.02 at day 54 and 73 for *ob/ob* control AdTg compared to *ob/ob* control group. \*, *P* = 0.03*,* 0.01 at day 33 and 54; \*\*, *P* \<0.001 at day 73 for *ob/ob* Adn-C/EBPα^−/−^ compared to *ob/ob* control group. Data represent the mean ± s.e.m. Student's t-test. This experiment is representative of two independent experiments.\
**h**. Circulating adiponectin levels tested by ELISA. *n* = 2 male mice (*ob/ob* control group), *n* = 8 male mice (*ob/ob* control AdTg group), *n* = 5 male mice (*ob/ob* Adn-C/EBPα^−/−^ group), *n* = 6 male mice (*ob/ob* Adn-C/EBPα^−/−^ AdTg group). \#\#, *P* \<0.001 compared to *ob/ob* control AdTg group. Data represent the mean ± s.e.m. Student's t-test. This data is from a single experiment.\
**i**. GTT performed during the 10^th^ week of doxycycline chow diet. *n* = 13 male mice (*ob/ob* control AdTg group), *n* = 12 male mice (*ob/ob* Adn-C/EBPα^−/−^ AdTg group). \*, *P* = 0.02*,* at 60 minutes; \*\*, *P* = 0.001 at 30 minutes compared to *ob/ob* control AdTg group. Data represent the mean ± s.e.m. Two-way ANOVA. This data is from a single experiment.\
**j**. Magnetic resonance imaging analysis at the 8^th^ week of doxycycline chow diet feeding. These images are from a single experiment.](nihms704891f5){#F5}

![C/EBPα is required for terminal white adipogenesis in the adult stage\
**a.** Experimental design: FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice were kept on chow diet before dimerization. After dimerization at 10 weeks of age, mice were kept on chow diet (FAT-ATTAC/Adn-C/EBPα^flox/flox^) or switched to doxycycline chow diet (FAT-ATTAC/Adn-C/EBPα^−/−^) for up to 6 weeks.\
**b.** Perilipin (red) and DAPI (blue) immunofluorescence staining in sWAT and eWAT of FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice before dimerization, 7 days after dimerization without doxycycline treatment, 6 weeks after dimerization without doxycycline treatment (FAT-ATTAC/Adn-C/EBPα^flox/flox^) or with doxycycline treatment (FAT-ATTAC/Adn-C/EBPα^−/−^). These images are representative of two independent experiments.\
**c.** Whole tissue pictures of sWAT and eWAT of FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice 7 days post dimerization (without doxycycline treatment) (III), compared to FAT-ATTAC/Adn-C/EBPα^flox/flox^ littermate without dimerization and doxycycline treatment (I), or FAT-ATTAC/Adn-C/EBPα^−/−^ littermate with doxycycline treatment (II) but without dimerization. These images are representative of two independent experiments.\
**d.** Whole tissue pictures of sWAT and eWAT of FAT-ATTAC/Adn-C/EBPα^flox/flox^ mice (without dox) (II) and FAT-ATTAC/Adn-C/EBPα^−/−^ littermate (with dox) (III) 4 weeks post dimerization, compared to FAT-ATTAC/Adn-C/EBPα^flox/flox^ littermate without dimerization and doxycycline treatment (I). These images are representative of two independent experiments.\
**e--g.** Experimental design: Adn-C/EBPα^flox/flox^ male mice and their control male littermates at 10 weeks of age were injected with glycerol intramuscularly into the right side of tibialis anterior muscle to induce muscle injury, while PBS was injected to the left side of tibialis anterior muscle as vehicle control (**e**). 3 weeks after glycerol injection, representative H&E staining shows the tissue morphology and adipocyte (arrows) in tibialis anterior muscles These images are representative of two independent experiments. (**f**). qPCR analysis shows the mRNA expression levels of adipocyte markers *adipsin* and *adiponectin* in muscles injected with PBS or glycerol, both in Adn-C/EBPα^−/−^ mice and their control littermates (**g**). *n* = 5 mice per group. Data represent the mean ± s.e.m. \*\*, *P* = 0.008; \*, *P* = 0.01 (adipsin) compared to control PBS group; \#, *P* = 0.02; \#, *P* = 0.04 (adiponectin) compared to Adn-C/EBPα^−/−^ PBS group. Student's t-test. This experiment is representative of two independent experiments.](nihms704891f6){#F6}

![Terminal beige adipogenesis does not depend on C/EBPα\
**a.** Experimental design: Adn-C/EBPα^flox/flox^ male mice and their control male littermates at 10 weeks of age were exposed to cold temperature (6°C) and switched from chow diet to doxycycline chow diet at the same time for 10 days.\
**b.** qPCR analysis shows the mRNA expression levels of beige adipocyte markers *Ucp1* and *Tmem26*, as well as C/EBPα in sWAT of Adn-C/EBPα^−/−^ mice and their control littermates. *n* = 4 male mice (control group), *n* = 2 male mice (Adn-C/EBPα^−/−^ group). Data represent the mean. This experiment is representative of two independent experiments.\
**c, d.** H&E staining shows the adipocyte morphology in sWAT and eWAT of both groups (**c**). Immunofluorescence staining shows UCP1 (green), perilipin (red) and DAPI (blue) in sWAT of both groups (**d**). These images are representative of two independent experiments.](nihms704891f7){#F7}

![The complexity of adipogenesis *in vivo*\
A Schematic summary of the complexity of adipogenesis *in vivo*: C/EBPα is not universally required for all adipogenic conditions. First of all, terminal adipocyte differentiation in sWAT during embryonic development is fully C/EBPα independent. In contrast, C/EBPα is essential for all the terminal white adipogenesis conditions in the adult stage we had tested. These conditions are: adipose tissue expansion during HFD feeding or in leptin deficient mice, regeneration of adipose tissue after ablation and muscle tissue adipogenesis after injury. However, in the adult stage, C/EBPα expression is also not required for cold-induced beige adipogenesis. Our data suggests that white adipocyte precursors in adult animal respond to distinct signals, different from white adipocyte precursors in embryogenesis or beige adipocyte precursors.](nihms704891f8){#F8}
